INTRODUCTION
The cyclin-dependent kinases (CDKs) that promote chromosome duplication in S phase and segregation at mitosis require binding of cyclin and phosphorylation on the activation segment (T loop) by a CDK-activating kinase (CAK) for full activity (reviewed by Morgan [1997] ). Despite universal conservation of this two-step pathway, the organization of the CAK-CDK network-and the identity of CAK-have diverged (reviewed by Fisher [2005] ). In metazoans, the only CAK identified to date is the Cdk7/cyclin H/Mat1 complex, which is also a component of the RNA polymerase (Pol) II general transcription factor (TF) IIH. Cdk7 has evolved two distinct recognition mechanisms for its structurally dissimilar substrates-the T loops of CDKs and the carboxy-terminal domain (CTD) of the largest subunit of Pol II-to accomplish its dual functions . The ortholog of Cdk7 in the budding yeast Saccharomyces cerevisiae, the Kin28 complex, is a CTD kinase contained in TFIIH (Feaver et al., 1994) but is devoid of CAK activity (Cismowski et al., 1995) . CDK activation is instead catalyzed by Cak1, a single-subunit kinase related only distantly to CDKs (Espinoza et al., 1996; Kaldis et al., 1996; Thuret et al., 1996) . The fission yeast Schizosaccharomyces pombe has two CAKs: the essential Mcs6 complex and the nonessential Csk1, orthologous to the metazoan and budding yeast enzymes, respectively (Hermand et al., 1998; Lee et al., 1999; Saiz and Fisher, 2002) .
In budding yeast, the same CAK is required at both G1/S and G2/M transitions (Sutton and Freiman, 1997) . The situation in metazoans is less clear. Cdk7 phosphorylates both Cdk1 and -2 selectively in human cell extracts , and either partial depletion of Cdk7 by RNA interference (RNAi) or near-quantitative immunodepletion with specific antibodies causes a proportional reduction in the Cdk2-activating capacity of a whole-cell extract (Wohlbold et al., 2006) . CDK activation appears defective in cdk7 temperature-sensitive mutants of both Drosophila melanogaster (Larochelle et al., 1998) and Caenorhabditis elegans (Wallenfang and Seydoux, 2002) , but in each case cell-cycle progression is blocked only at mitosis, not at S phase. T loop phosphorylation of Cdk2 persists, moreover, in Drosophila cdk7 mutants at restrictive temperature (Larochelle et al., 1998) . These observations, and the detection of minor CAK activities in vitro (Kaldis and Solomon, 2000; Liu et al., 2004) , left open the possibility that another CAK exists in animal cells. Therefore, absent a genetic test of its function in vivo, the role of Cdk7 as the major or sole CAK in mammalian cells remained unproven (Abbas and Dutta, 2006) . Genetic studies of mammalian Cdk7 have been complicated by the enzyme's dual roles in cell division and transcription. Mice lacking the Mat1 subunit of the Cdk7 complex die early in embryogenesis, which established that the complex was essential but limited analysis of the accompanying biochemical defects (Rossi et al., 2001) . RNAi-mediated depletion of Cdk7 by $70% in human cells produces no obvious phenotype (Wohlbold et al., 2006) . We therefore took a chemical-genetic approachthe introduction into cells of a mutant kinase engineered to accommodate bulky, unnatural ATP analogs in its active site-to discern the functions of human Cdk7 in vivo. Expansion of the ATP binding pocket by mutation of Phe91 to a glycine residue renders the kinase analog selective and sensitive (as) . In a previous study, we identified seven of $10-15 protein substrates of Cdk7 in HeLa cell nuclear extracts, including Cdk1, Cdk2, Cdk4, and Pol II, by phosphorylation with Cdk7
as and a radiolabeled substrate analog. The mutant enzyme was inhibited by a nonhydrolyzable analog with an IC 50 of $17 nM, whereas the wild-type kinase was unaffected. The apparent K m ATP of Cdk7 as was $6-fold higher than that of wild-type Cdk7 but below the likely intracellular ATP concentration, and the mutation did not affect enzyme turnover, suggesting that the mutant kinase would retain function in vivo Figure 1C , last lane). By immunoprecipitation, we identified the one polypeptide labeled uniquely in Cdk7 as cell extracts as the DNA helicase XPD/ERCC2, a component of both TFIIH and a quaternary Cdk7/cyclin H/Mat1/XPD complex (Drapkin et al., 1996; Reardon et al., 1996; Larochelle et al., 2001; Chen et al., 2003 Figure S1 ).
To test whether Cdk7 as expressed endogenously in human cells was sensitive to inhibition by the nonhydrolyzable analog 1-NMPP1, as was the recombinant enzyme expressed with baculoviruses and purified from insect cells Figure 1D ). Replacement of wild-type Cdk7 with Cdk7 as also rendered growth of HCT116 cells sensitive to 1-NMPP1. In the absence of the drug, the wild-type and Cdk7 as/as cells had population doubling times of $17.9 and $20.2 hr, respectively, with similar cell-cycle distributions in asynchronous culture (data not shown), indicating minimal impairment of Cdk7 function by the F91G mutation per se. The homozygous Cdk7 as/as cells were sensitive to 1-NMPP1, however, with an IC 50 of $100 nM measured by cell viability (MTT) assays performed after 96 hr of drug exposure ( Figure 1E ). In contrast, wild-type HCT116 cells were resistant to 10 mM 1-NMPP1. From this, we conclude that catalytic activity of Cdk7 is required for viability and can be shut off selectively in vivo by a bulky ATP analog in the Cdk7 as/as cell line.
We observed dose-dependent decreases in phosphorylation of Cdk1 and -2, detected by phospho-T loop-specific antibodies, with addition of 1-NMPP1 to Cdk7 as/as cells ( Figure 1F ). In contrast, phosphorylation of the Cdk7 target site within the heptad repeat of the Pol II CTD, Ser5, was not diminished by Cdk7 inhibition. Instead, reactivity with an antibody specific for that modification increased after 1-NMPP1 treatment. The increased signal appeared, however, in a distinct electrophoretic isoform, which accumulated to high levels only in the 1-NMPP1-treated, Cdk7
as/as cells. The same isoform accumulated in Cdk7 as/as cells treated with 1-NMPP1 after release from serum starvation (see Figure S1 in the Supplemental Data available with this article online). Inhibition of Cdk7 in vivo therefore caused changes in phosphorylation state of three of its suspected substrates.
Cdk7 Inhibition during G1 Delays S Phase Entry
To test whether Cdk7 activity is required during G1, we synchronized wild-type or Cdk7 as/as HCT116 cells by serum withdrawal for 48 hr. Cells of either genotype released from serum starvation in the absence of drugs proceeded synchronously through G1, entered S phase in $8-10 hr, and began to accumulate with a G2 DNA content by 15 hr. Addition of 10 mM 1-NMPP1 retarded G1/S progression by the mutant but not the wild-type cells (Figures 2A and 2C) . When added simultaneously with serum to the Cdk7 as/as cells, 1-NMPP1 prevented any progression into S phase in the next 15 hr. After 24 hr, there was evidence of progression into S phase by a fraction of Cdk7 as/as cells released from serum starvation directly into medium containing 1-NMPP1, while a fraction remained in G1 ( Figure S2 ). The addition of 1-NMPP1 3 or 6 hr after serum addition delayed S phase entry by $7 or $3 hr, respectively ( Figure 2A ).
Cdk7 Is a Cdk2-Activating Kinase In Vivo
To determine whether the S phase delay was due to a CAK defect, we monitored Cdk2 T loop phosphorylation over time after serum stimulation in mock-(DMSO-) or 1-NMPP1-treated, wild-type or Cdk7 as/as cells (Figures 2B and 2D). Cdk2 T loop (Thr160) phosphorylation was usually detectable even after 48 hr of serum starvation and increased in control cell populations as they traversed G1 and S phase, until the majority of Cdk2 was in the fastermigrating electrophoretic isoform diagnostic of Thr160 phosphorylation (Gu et al., 1992) . Addition of 1-NMPP1 to Cdk7 as/as cells at 0 or 3 hr prevented any increase in phosphorylated Cdk2 ( Figure 2B ). In contrast, 1-NMPP1 added at the same time as serum had no effect on Cdk2 T loop phosphorylation in wild-type HCT116 cells ( Figure 2D ). In the mock-treated mutant cells, Cdk2 T loop phosphorylation and associated kinase activity continued to rise for at least 14 hr after release ( Figures 2B and 3A) . Addition of 1-NMPP1 at 6 hr caused prompt cessation of Cdk2 activation and partial loss of pre-existing T loop phosphorylation ( Figure 3A) . In general, inhibition of Cdk7 implemented after addition of serum did not cause complete disappearance of the faster-migrating Cdk2 ( Figures 2B and 3A) . The phosphorylated form could be abolished, however, by a 9 hr treatment with 1-NMPP1 during serum starvation ( Figure 3B ), indicating that Cdk7 phosphorylates Cdk2 even in cells deprived of serum. The fraction of Cdk2 resistant to dephosphorylation, which was low or absent in serum-starved cells (Figure 3B) , increased with time after readdition of serum (Figures 2B and 3A) . This probably reflects the stabilization of T loop modification by cyclins, which accumulate during G1 progression (see the Discussion). The kinase activity of this apparently phosphatase-resistant Cdk2 population, which is stable for at least 8 hr in the absence of Cdk7 activity ( Figure 3A) , might be sufficient to support slow G1/S progression in the absence of ongoing T loop phosphorylation ( Figure 2A and Figure S2 ).
We also measured levels of cyclins and CDK inhibitors (CKIs) after serum stimulation. During G1, levels of cyclin E, which are known to be elevated in HCT116 cells (Lu et al., 2000) , remained more or less constant in both mock-and 1-NMPP1-treated cells of either genotype. Cyclin A gradually accumulated in G1 and S phase in the mock-treated mutant cells; the increase was attenuated by addition of 1-NMPP1 ( Figures 2B and 3C) . Similarly, during the first 6-8 hr, levels of the CKIs p21 ( Figure 2B ) and p27 (data not shown) were not affected by Cdk7 inhibition. At later times in the control cells, p21 decreased, possibly due to its destabilization in S phase (Bornstein et al., 2003) ; this response was delayed by treatment of Cdk7 as/as cells with 1-NMPP1 at 0 or 3 hr ( Figure 2B ). In contrast to the rapid loss of Cdk2 T loop phosphoryation, the changes in cyclin A and p21 levels occurred several hours after addition of the analog and are likely to be secondary effects of the cell-cycle delays caused by Cdk7 inhibition.
The rapid arrest and reversal of Cdk2 T loop phosphorylation (and the modest, delayed effects on cyclin and CKI levels) suggested direct inhibition of CAK by the analog. To rule out an indirect, transcriptional mechanism, we compared effects of 1-NMPP1-on cell-cycle progression, cyclin A accumulation, Cdk2/cyclin A complex formation, and Cdk2 phosphorylation-with those of the DNA intercalator actinomycin D, which represses transcription globally in mammalian cells (Lam et al., 2001) . Actinomycin D arrested the cell cycle when added with, or 3 or 6 hr after, serum ( Figure S3 ) and was at least as potent as 1-NMPP1 in limiting cyclin A accumulation by the end of the 15 hr time course ( Figure 3C ). With either drug treatment, Cdk2/cyclin A complex formation, measured by immunoprecipitation with anti-Cdk2 followed by immunoblotting with anti-cyclin A antibodies, was proportional to total cyclin A levels ( Figure 3C ). In contrast, Figure 2 . Inhibition of Cdk7 Prevents Cdk2 Activation and Delays G1/S Progression (A) Cells were arrested by serum starvation, then released into serum-containing medium with DMSO or 10 mM 1-NMPP1 added at the indicated times. We monitored DNA content at indicated times by flow cytometry. (B) Levels of Cdk2, cyclin A (Cyc A), cyclin E (Cyc E), and p21 were measured in immunoblots of whole-cell extracts at indicated times after release, in DMSO-treated cells or cells treated with 1-NMPP1 0 or 3 hr after release. The higher-mobility isoform of Cdk2 is phosphorylated on Thr160 of the T loop. Its apparent absence at time 0 in the DMSO-treated cells is anomalous; the other two samples taken at time 0 are more representative (see also Figure 3 ). (C) Wild-type HCT116 cells were synchronized by serum starvation for 48 hr, released into fresh medium containing DMSO or 1-NMPP1 as indicated, and collected for flow cytometry to measure DNA content at 15 hr. (D) Extracts from DMSO-or 1-NMPP1-treated, wild-type HCT116 cells, collected at indicated times after release from serum starvation, were immunoblotted with antibodies to cyclin A and Cdk2, as indicated.
actinomycin D was less effective than 1-NMPP1, added 3 or 6 hr after serum, at inhibiting Cdk2 T loop phosphorylation, detected by probing anti-Cdk2 immunoprecipitates with isoform-specific antibodies ( Figure 3C ). Moreover, inhibition of Cdk7 blocked Cdk2 phosphorylation independent of ongoing transcription; 1-NMPP1 added at 7 hr diminished phospho-Thr160 in cells previously exposed to actinomycin D for 1 hr. Taken together, the data indicate that Cdk7 is the physiologic Cdk2-activating kinase.
Inhibiting Cdk7 during S/G2 Prevents Cdk1 Activation and Mitotic Entry
To test the requirement for Cdk7 in mitosis, we presynchronized cells at the G1/S boundary with two sequential thymidine blocks. They were then released into medium lacking thymidine and monitored for DNA content by flow cytometry ( Figure 4A ). In the culture treated with DMSO, S phase was completed by $7 hr, and by 10-13 hr, the majority of cells had passed mitosis, as indicated by accumulation with a G1 DNA content. Addition of 10 mM 1-NMPP1 immediately upon release (0 hr) delayed but did not prevent completion of S phase. By $10 hr, cells had apparently reached G2, but there was no evidence of passage through mitosis by 13 hr (i.e., no reaccumulation in G1). When the inhibitor was added at 2 or 4 hr, S phase kinetics appeared nearly normal, but cells accumulated with a G2 DNA content, indicating they were unable to pass mitosis.
When 1-NMPP1 was added 6 hr after release from a double-thymidine block, roughly equal populations of cells accumulated in G1 and G2 by the end of the experiment ( Figure 4A ). This suggests that, by 6 hr after release, roughly half the cells had fulfilled the requirement for Cdk7 to promote mitosis. When 1-NMPP1 was added 2 hr later, the majority of cells passed through mitosis into the next G1 phase. In parallel experiments, cells were released into medium containing the microtubule-depolymerizing agent nocodazole to arrest them in mitosis. Adding 1-NMPP1 0, 2, or 4 hr after release blocked entry to mitosis, as revealed by a paucity of rounded cells detached from the dish at the end of the experiment ( Figure 4B and data not shown). Addition of 1-NMPP1 at 6 hr yielded a mixture of rounded and adherent cells, whereas later addition did not prevent mitosis in the majority of cells (data not shown). We therefore infer an execution point, near the end of S phase, for a Cdk7-dependent function required to enter mitosis.
We investigated the biochemical basis of the Cdk7 requirement by measuring the kinetics of Cdk1 activation in cells released from a double-thymidine block into nocodazole-containing medium ( Figures 4C and 4D ). In the mock-treated culture, a sharp increase in Cdk1-associated kinase activity occurred $10 hr after release from the G1/S block. Addition of 1-NMPP1 at 4 or 6 hr inhibited Cdk1 activation by $80% or $50%, respectively. In both populations, what Cdk1 activation there was occurred on schedule, at $10 hr after release. Because $50% of cells exposed to 1-NMPP1 at 6 hr eventually entered mitosis were arrested at the G1/S boundary by double-thymidine block, then released into fresh medium without or with 10 mM 1-NMPP1 added at the indicated times. To monitor cellcycle progression, we measured DNA content at indicated times by flow cytometry. Note that, after release from the thymidine block, we consistently observed a minor population of cells that remained arrested with a G1 DNA content (evident, for example, in the profiles of the DMSO control culture at 3, 5, and 7 hr).
(B) Inhibition of Cdk7 at 4 hr after release from double-thymidine block prevents mitotic entry. Wild-type (WT) and mutant (as) cells were released into nocodazole-containing medium; 1-NMPP1 was added at 4 hr and cells were examined by phase-contrast microscopy at 15 hr. 
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Chemical Genetic Analysis of CAK Function In Vivo ( Figure 4A ), the likely explanation is that Cdk1 activation occurred normally in those cells and not at all in those arrested in G2.
Cdk7 Activity Is Required for Assembly of Cdk1/Cyclin B Complexes In Vivo
To determine the mechanism by which inhibition of Cdk7 prevented activation of Cdk1, we measured levels of total cyclin B and Cdk1/cyclin B complexes in cells treated with 1-NMPP1 at various times after release from a double-thymidine block. In mock-treated cells, cyclin B accumulated as cells progressed from G1/S into mitosis ( Figure 5A ). Cdk1/cyclin B complexes, measured by anti-cyclin B immunoblot after anti-Cdk1 immunoprecipitation ( Figure 5B ), formed throughout S and G2 in mock-treated cells, with the bulk of assembly occurring 6 hr or more after removal of thymidine. Cdk1 and cyclin B failed to bind efficiently, however, in cells treated with 1-NMPP1 4 or 6 hr after release from the G1/S block. In fact, after addition of the analog, the levels of cyclin B coprecipitated with Cdk1 decreased at the 8 hr point and remained low throughout the time course, suggesting the disassembly of preformed Cdk1/cyclin B complexes. The reciprocal experimentmeasurement of Cdk1 in anti-cyclin B immunoprecipitates-produced essentially the same result ( Figure 5C ). In mock-treated cells, Cdk1/cyclin B complexes increased throughout G2/M; the abrupt increase in kinase activity at $10 hr ( Figure 4C ) coincided with the dephosphorylation of the inhibitory Tyr15 residue, resulting in increased electrophoretic mobility of Cdk1 (Gu et al., 1992) . The inhibitor decreased Cdk1/cyclin B complex formation when added 4 or 6 hr after release from thymidine. Some complexes that did form underwent timely dephosphorylation of Tyr15, however, perhaps suggesting that activation of Cdk1 occurred normally in a fraction of cells in each population that had passed the Cdk7 execution point prior to inhibitor addition. Because Cdk7 inhibition starting at 4 hr diminished cyclin B levels measured 15 hr after release from G1/S ( Figure 5A ), we asked whether limiting cyclin B could account for the impaired complex formation. Actinomycin D added any time after release caused decreases in cyclin B accumulation, measured at 15 hr, equal to or greater than those caused by 1-NMPP1, added at the same In the first seven lanes, Cdk1/cyclin B assembly was monitored at indicated times as Cdk7 as/as cells progressed from a G1/S (double-thymidine) to a mitotic (nocodazole) arrest in the absence of 1-NMPP1. In the last ten lanes, 10 mM 1-NMPP1 or 10 mg/ml actinomycin D was added at indicated times after release from thymidine-into nocodazole-containing medium, and cells were harvested at 15 hr.
time to parallel cultures. In contrast, Cdk1/cyclin B complex assembly appeared normal, i.e., proportional to cyclin B levels, in the actinomycin D-treated cells ( Figure 5D ). The cells did not enter mitosis, however, even when actinomycin D was added 8 hr after thymidine removal (data not shown). This is likely due to activation of the G2/M checkpoint; cyclin B-bound Cdk1 remained in the slower-migrating isoform, indicating persistent inhibitory phosphorylation of Tyr15. These results suggested that CAK activity is required to assemble Cdk1/cyclin B complexes in vivo, even though they can form independent of T loop phosphorylation in vitro (Desai et al., 1995) . To test this idea, we attempted to drive Cdk1/cyclin B complex assembly in extracts from wild-type and Cdk7 as/as HCT116 cells with an excess of purified, Myc epitope-tagged cyclin B. We measured assembly of the added cyclin B into active complexes with endogenous Cdk1 that could be immunoprecipitated with anti-Myc antibodies ( Figure 6A ). Assembly and activation were inhibited by 2 mM 1-NMPP1 in the mutant, but not the wild-type, extract and could be rescued by addition of either purified, wild-type Cdk7/cyclin H/Mat1 or fission yeast Csk1, which is a dedicated CAK with no known, non-CDK targets. To avoid inhibition due to phosphorylation of Tyr15 and thereby allow accurate quantification of Cdk1-associated kinase activity, we performed these experiments in extracts from cells arrested in mitosis with nocodazole. We observed identical effects on Cdk1/cyclin B assembly in G2 extracts: inhibition by 1-NMPP1 in the mutant but not the wild-type extracts, and rescue by purified, wild-type Cdk7 complexes ( Figure 6B and data not shown). Purified Cdk7 as complexes, however, failed to restore efficient Cdk1/cyclin B assembly in the 1-NMPP1-treated, G2 extract from Cdk7 as/as cells ( Figure 6B ). We conclude that CAK activity is required for Cdk1/cyclin B complex formation in vivo and in whole-cell extracts in vitro.
DISCUSSION

Cdk7 Is the CDK-Activating Kinase In Vivo
By chemical genetics, we have demonstrated a requirement for Cdk7 to activate both Cdk1 and -2 in vivo. This validates the assignment of general CAK function to Cdk7, originally made on the basis of biochemical analyses but since questioned for lack of conclusive genetic proof (reviewed by Harper and Elledge [1998] , Abbas and Dutta [2006] ). At least two other CDKs implicated in mammalian cell-cycle control-Cdk4 and -11-were among the proteins selectively phosphorylated by Cdk7 as in crude extracts . Therefore, the metazoan cell-cycle machinery probably relies on a unitary T loop phosphorylation system.
That system appears to operate on two of its targetsCdk1 and -2-with different kinetics in vivo, possibly explaining the different effects, on G1/S and G2/M transitions, of Cdk7 inhibition. During G2 progression, we could precisely define an execution point for Cdk7-a time after which CAK inhibition was ineffectual in preventing mitotic entry. Prior to that point, the effect of inhibiting Cdk7, on Cdk1/cyclin B assembly and activation, was near total. This is consistent with the observation that Cdk1 is dephosphorylated at each mitosis (Lorca et al., 1992) and the consequent requirement that it be phosphorylated de novo in G2, concomitant with cyclin binding. In contrast, the G1/S transition was delayed but not completely blocked by Cdk7 inhibition imposed at any time within $6 hr after release from serum starvation; with increasing time after release, the delay grew shorter. Cdk2 phosphorylation is relatively stable; it persisted even during serum starvation and was slow to disappear in the absence of CAK activity (Figures 2 and 3) . The amount of Cdk2 resistant to Thr160 dephosphorylation roughly correlated with the level of cyclin A in the cell at the time Cdk7 was inhibited and, therefore, might be explained by the strong preferences of the known T loop phosphatases for monomeric Cdk2 (Poon and Hunter, 1995; Cheng et al., 1999) . Differences between Cdk1 and -2 in the rate of T loop phosphate turnover might also explain why Drosophila temperature-sensitive mutants could uncover the role of Cdk7 in activating Cdk1 at mitosis, but not in activating Cdk2 and promoting S phase entry (Larochelle et al., 1998) .
A CAK Requirement in Cdk1/Cyclin B Assembly: Implications for Mitotic Regulation We have gained an insight into mammalian cell-cycle control: efficient assembly of the mitotic CDK is not a simple function of cyclin B concentration but depends also on the enzymatic activity of Cdk7. There is precedent in the case of Cdk1 and cyclin A, which require T loop phosphorylation for their stable association in vitro (Desai et al., 1995) and in vivo (Larochelle et al., 1998) . Similarly, a Cdk7/cyclin H/Mat1 complex can be formed, independent of T loop phosphorylation, from recombinant subunits in vitro or by overexpression in vivo, but the unphosphorylated complex is thermolabile in vivo and in vitro (Larochelle et al., 2001) . There is also crystallographic evidence that Cdk2/cyclin A complexes are stabilized by interaction between the T loop phosphothreonine and conserved, basic residues of the cyclin (Russo et al., 1996) . The binding energy provided by this interaction is not necessary for Cdk2 to form complexes with cyclins in vitro or, apparently, with cyclins A and E in vivo ( Figure 3C , Figure S4 ). Cdk1-cyclin B binding appears to depend, however, on T loop phosphorylation under physiologic conditions. Interestingly, Cdk1 variants with mutations of the T loop threonine were defective in binding cyclin B in Xenopus extracts (Ducommun et al., 1991; Lee et al., 1994) , but both a T161A mutant and unphosphorylated, wild-type Cdk1 bound cyclin B efficiently in a defined system containing only purified proteins (Desai et al., 1995) . This suggests that the inability of Cdk1 and cyclin B to assemble in the absence of CAK activity might be actively imposed, in vivo and in extracts, by destabilizing factors that enforce coupling between T loop phosphorylation and cyclin binding. It was suspected that the activity of Cdk7-the level of which remains constant throughout the cell cycle-is governed passively in vivo by availability of its protein substrates and/or stability of its phosphoprotein products, both determined primarily by cyclin binding (reviewed by Morgan [1997] ). Here we uncover a more complex relationship-mutual dependence-between the two, obligate steps of Cdk1 activation in vivo: cyclin binding and T loop phosphorylation. Cdk1/cyclin B assembly is also sensitive to inhibition of Cdk7 in whole-cell extracts of synchronized Cdk7 as/as cells ( Figure 6 ). We could rescue the assembly defect with wild-type Cdk7 or fission yeast Csk1: structurally dissimilar kinases with only a substrate-the Cdk1 T loop-in common. The interdependence of the two CDK-activating steps implies a concerted reaction with no inactive, unphosphorylated complex as an intermediate (Figure 7 ). That would necessitate tight coupling with inhibitory mechanisms, such as Tyr15 phosphorylation or nuclear exclusion of cyclin B (Jin et al., 1998) , in order to prevent precocious activation of Cdk1/ cyclin B leading to premature mitosis.
Chemical Genetics in Human Somatic Cells
In theory, an analog-sensitive version of any protein kinase can be engineered (Bishop et al., 2000) and expressed from its endogenous promoter by gene replacement with rAAV vectors (Papi et al., 2005) . We combined the two strategies to investigate Cdk7-an attractive anticancer drug target because of its dual functions in gene expression and cell proliferation (Fisher, 2005; Lolli and Johnson, 2005) . Phosphorylation of both Cdk1-Thr161 and Cdk2-Thr160 decreased after Cdk7 inhibition, in both time-and dose-dependent fashion, consistent with Cdk7 being the sole kinase responsible for CDK activation. In contrast, Ser5 of the Pol II CTD is targeted by multiple kinases in vitro (Ramanathan et al., 2001 ) and, apparently, in vivo. Inactivating Cdk7 led to an apparent increase in net phosphorylation by other Ser5 kinases but produced a Pol II isoform of altered electrophoretic mobility ( Figure 1F and Figure S1 ). This suggests a derangement of normal CTD phosphorylation patterns, and probably severe transcriptional dysfunction, which could explain why Cdk7 as/as cells were sensitive to killing ( Figure 1E ) by prolonged exposure to 1-NMPP1 at doses insufficient to arrest the cell cycle (data not shown).
The chemical-genetic tools developed here can now be applied to investigate the connection between cell-division and transcription machineries maintained by Cdk7 in its dual roles as the CDK-activating and TFIIH-associated kinase (reviewed by Nigg [1996] , Fisher [2005] ). The chemical-genetic approach ensures that cytotoxicity is Cdk7 specific, i.e., not due to off-target effects of the 
EXPERIMENTAL PROCEDURES
Gene Targeting
To introduce the F91G mutation , together with an EcoRI restriction site, into the cdk7 locus, 5 0 and 3 0 arms were PCR amplified from a human BAC clone (RP11-124A2; Children's Hospital of Oakland Research Institute) and cloned on either side of a central loxP-neo R -loxP cassette in pBluescript derivative pNX. The mutations were introduced into the right homology arm (exon 5) by PCR amplification; the entire insert was then excised by NotI digestion and ligated to a pAAV vector backbone, yielding pAAV-cdk7
as . Transfection of HEK293 cells, isolation of rAAV particles, and infection of HCT116 cells were performed as described (Kohli et al., 2004) . Additional information, including sequences of primers used in this study, is available upon request.
Biochemical and Immunological Methods
Immunoblotting and immunoprecipitation, and kinase assays of immune complexes, were carried out as previously described (Wohlbold et al., 2006) . To measure Cdk1/cyclin B assembly, we preincubated extracts (200 mg total protein) from cells in mitosis or G2 with 2 mM 1-NMPP1 or DMSO, then added 500 ng purified cyclin B1, amino-terminally tagged with hexahistidine and the Myc epitope (gift of D. Morgan, University of California, San Francisco), and an ATP-regenerating system . Where indicated, incubations were supplemented with 400 ng purified Csk1 or 600 ng wild-type or analog-sensitive, T loop-phosphorylated Cdk7/cyclin H/Mat1 complex (Larochelle et al., 2001 . After 90 min at room temperature, Myc-cyclin B and associated proteins were immunoprecipitated with anti-Myc antibodies, and immune complexes were subjected to immunoblotting, with anti-Myc and anti-Cdk1 antibodies, and tested for histone H1 kinase activity. Antibodies used in this study were the following: anti-Cdk7 (MO1.1), from Sigma; anti-Cdk1 (C19), -Cdk2 (D-12 and M2), -cyclin B1 (GN51 and H-433), -cyclin A (H-432) -cyclin E (HE111 or M20), and -Rpb1 amino terminus (N20), from Santa Cruz Biotechnology; anti-Rpb1 CTD phospho-Ser5 (polyclonal), from Bethyl (used in Figure 1F ); anti-Myc (9E10) and -Rpb1 CTD phospho-Ser5 (monoclonal H14, used in Figure S1 ), from Covance; anti-Cdk1-Thr161 and -Cdk2-Thr160, from Cell Signaling Technologies; and anti-p21 (Ab-11), from Neo Markers.
Chemical Genetic Methods
The labeled analog [g-32 P]N6-(benzyl)-ATP was generated enzymatically with nucleoside diphosphate kinase (NDPK) as previously described (Kraybill et al., 2002) , and labeling by endogenous Cdk7 as was performed exactly as described previously for labeling by the recombinant enzyme . The inhibitory analog 1-NMPP1 (Bishop et al., 2000) was dissolved and stored in DMSO and used at the final concentrations indicated.
Cell Synchronization, Cell-Cycle Analysis, and Viability Assays Wild-type or Cdk7 as/as HCT116 cells were synchronized by incubation in serum-free medium for 48 hr and released into medium containing 10% fetal calf serum. Synchronization with thymidine or nocodazole and analysis of cell-cycle distribution by flow cytometry were performed as previously described (Papi et al., 2005) . Cell viability was measured by 3,[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay as described (van der Kuip et al., 2001 ).
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